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By Burt M. Rosenbaum and Leo Levitt

SUMMARY

Expressions for the composition, specific volume, enthalpy, and
entropy of hydrogen gas have been derived, and equilibrium values of
these guantities have been tabulated for temperatires ranging from room
cemperature (300° K) to 100,000° K and for pressures from 10-° to 10%
atmospheres. A new method of calculating the internal partition func-
tion of diatomic hydrogen by using a Morse potential to approximate the
forces belween the two nuclei results in a series that converges much
more rapidly at a given temperature than the summing over the vibration-
rotation energy levels usually employed.

INTRODUCTION

The determination of the thrust obtained in high-temperature rock-
ets requires a knowledge of the thermodynamic properties of the working
fluid at the temperatures involved. These temperetures might concelv-
ably range up to, or even above, 100,000° K.

Because of the simplicity of the structure of the hydrogen atom
and molecule, the properties of hydrogen may be celculated falirly accu-
rately in the very high temperature region where 1o experimental data
are available. The National Bureau of Standards (ref. 1) has tabulated
values up to 50000 K; Sanger-Bredt (ref. 2) presents charts for temper-
atures up Lo 10,0000 K; and Altman (ref. 3) has completed calculations
up to 20,0000 K. However, tabulated values such as those given in ref-
erence 1 are not available for temperatures above 5000° K. Table I of
this report offers such values for temperatures ranging from room tem-
perature to 100,000° K and Tor pressures from 10-9 to 102 atmospheres.
The properties listed include composition, specific volume, enthalpy,
and entropy. Sufficient entries have been made to allow interpolation
for ‘temperatures and pressures nolb explicitly tabulated.



The calculation of the internal partition function of the diatomic
hydrogen molecule normally involves a summing over a large number of
the vibration-rotation energy levels that characterize the interaction
between the two nuclei. The number of levels that must be considered
increases rapidly with the temperature, and the convergence of the sum
above 4000° K is extremely slow. A new method of treating this problem
is given in appendix A, wherein the forces between the nucleil are ap-
proximated by a Morse poiential. The application of old quantum-theory
methods results in a series for the internal partition function that
converges much more rapidly than the aforementioned summation.

ANALYSIS

In determining the equilibrium properties of hydrogen at high tem-
perature, two almost independent processes must be considered: (1)
dissoclation of the hydrogen molecule into its two atomic components,
and (2) electronic excitation and ionization of the free atoms. From
room temperature to about 1500° K, hydrogen is a diatomic gas where the
molecule is essentially in its lowest vibrational state. Above 1500° K,
the excited vibrational states start to £ill up, and the vibrational
amplitude and average distance of separation of the two nuclei in the
molecule increase rapidly with temperature. In addition, the proba-
bility of finding a free or nascent hydrogen atom also increases until,
at 10,0000 K, the dissociation process is complete and the gas, in the
main, exists as uncoupled hydrogen atoms. Above 10,000° X, the second
process comes into play; and, at 90,000° K and a pressure of 100 atmos-
pheres, the gas ls 99 percent ilonized and can be treated as a plasma of
free electrons and protons.

It should be noted that throughout this report the amount of any
singly ionized diatcmic hydrogen or molecular hydrogen with excited
electronic states is considered as negligible because the energy needed
to exclte the electrons is larger than that necessary for dissociation.

Consider the system as composed of a total of M hydrogen nuclei
and M electrons at a given volume V and temperature T. The disso-

ciation process is represented by the reaction
Ho - 2H (1)
and the ionization process by
H - p+ + e~ (2)

Let « be the fraction of hydrogen nuclei (or electrons) that are

present as hydrogen molecules, so that NZ = %? is the number of
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hydrogen molecules. Let p be the fraction of hydrogen nucleli that
are free, that is, exist as protons. Then Np = BM 1s the number of
protons. The number of free electrons is also given by Ne = BM. The
remaining nuclei and electrons are present as hydrogen atoms, which
number Ng = (1 - B - «)M. The total number of separate particles in
the system is equal to

N = (1+B-%)M

If the gas is ideal in the sense that no intveraction between the
particles of the gas need be considered, the partition function of the
system can be written as

N N N N
o2 ) () P (%) (5)
Ns . Ny Npl Ng:

where 2o, 2y, Zps and z, are the respective partition functions for

an individual hydrogen molescule, a hydrogen atom, a proton, and an
electron.

If the multiplicity associated with the nuclear spins is neglected
and it is assumed that only normal hydrogen is iavolved, that is, the
ortho- to parahydrogen ratlio is 3 to 1, the partition function =z, may

be written as

v
2 = (ermgkT)®/2 2, (2)

where Xk 1is the Boltzmann gas constant, h is Planck's constant, mo
is the mass of a hydrogen molecule, and z.,,., the internal partition

function for the molecule, is the contribution of the vibrational and
rotational degrees of freedom. Here the zero level of energy 1s taken
as that of the hydrogen molecule in its ground stete.

Under the same assumptions, the partition fanction zy is

zy = ﬁ% (ZﬂmHkT)S/Z e_Q/ZRT 24 (5)

where my 1s the mass of a hydrogen atom, q 1is the energy of dissoci-
ation of a hydrogen molecule at 0° K, and z,, the internal partition

function, is the contribution of the orbital electronic motion.



The partition function =z is given by

b

= ji-(Zﬂmka)B/z e'Q/ZkT (6)

where oy is the mass of a proton, and the partition function =z, 1s

given by

z,. = —7-(2ﬂmekT)5/2 e-I/kT (7)
h

where nmg is the electronic mass and I is the energy needed to ionize

a hydrogen atom in its ground state. HNote that in equations (6) and
(7) it is assumed for convenience that the electron possesses all the
ionization energy and the proton all the dissociation energy.

The internal partition function z,,. for the hydrogen molecule 1ls

considered in appendix A and may be approximated by the following ex-
pression (see appendix A):

2, = 0.25 + 5.436x107° T E oBv/KT

v

00

-3, 3.202x103/T - 3 3
+14.1x10°0T e / g (2r ahy, + By )(0.018118x10°5 )™ In(e.slsxlo | §5.194x10 )

T T
n=e

el

- , 3 ; : - 3 5
+ 0.8306x10737 &3-202X20%/T (2ryaCs, + Dy )(0.018118x107° T) P In(%ng%zlg-, §4é;%529—)
n=

' (e)

where K, 1is the energy of the lowest lying level corresponding to a
vibrational guantum number of v (table II), (ZroaA2n + BZn) and
(2r,aCy, + Dpy) are constants (tables III and IV), and

Y
I(xy) = f Cne-C ag
e

LTZ-H
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The internal partition function 2z, of the hydrogen atom is a
function of both pressure and temperature and may be approximated by
(see appendix B):

’ 5 930
2o = oC/T[2.C/T & 5oC/4T _ 10.05 - % 4 03959
-/
(1615 & - 0.7652) = - 1,172 S p1/8 (2)
T T ' 176 ' T
where

C = 15.77x10% 9k

2 Patm

b = 4.555x107" T

and where P is the prsssure in atmospheres.

atm

The partition function for the system as given by equation (3) can
be written in terms of o and (. Actually, it is more convenient to
employ the natural logaritam of the partitlon fuaction:

Z Z A
7= 2 i M1-a- @ i + M 1;_1—6—9—+(1+B-fi)M
2 o (1-B-a)M 2 5
gM (BM)

(10)
where Stirling's approximation to the factorial 1as been used.
The equation of eguilibrium with respect Lo reaction (l) is ob-

tained by setting the partial derivative of 1n 2 with respect to a
equal to zero:

Zo 2y ]2 d 1n Zo)
v [(1 — | o2 e -8 (T evel Y

R

Similarly, the equation of equilibrium with resp=sct to reaction (2) is
obtained by setting the partial derivative of 1n 2 with respect to B
equal to zero:

Z

Zy Z (d in Zo)
(om)z 1T -F - n exp|-(1 - a - B) ——SE———-T,V,@ (12)

[0}
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The equation of state for che system is given by

5A>
—_—
7
T,a,B
o o0 1n 2z
:(1+5-%)WGT1+1 & £V<BVO (13)
1L+p3 -= La,B
where A = -kT 1n 7Z 1is the Helmholtz free energy. The second term in

the brackets of the right side of equation (13) represents the de-

viation from the perfect gas law due to the nonzero volume assoclated
with the hydrogen atom. As can be seen from eguations (ll) and (12),
this effect also influences the form of the equations of equilibrium.

Substituting the expressions for 2o, Zy, Zps and 1z, as given by

equations (4), (5), (8), and (7), respectively, into equations (11) and
(12) and neglecting terms that are second order in the corrections due
to the nonzero volume of the hydrogen atoms yield

z
K]_:(l"@'CL)

Ztre-3)

(ﬂmH)S/Z(kT)S/Zzg e—Q/kT

hézvrP

Z§T5/2 o=51.99x105/T

= 0.915x107¢
ZyrPatm (1)
and
2
8
K2= o
(L-p-a)(l+p- %)
3/2 3/2, \5/2 -I/kT
2(2mm, ) / (mp/mH) / (xT) / e /
n>z P
5/2 e-157.7><105/T
= 5.571x10°7 (15)

ZoPatm

LT2-U



where Kq and K», are the equilibrium constants based on mole frac-
tions for the dissociation and ionization reactions, respectively.

For given T and P, eguations (14) and (15) may be solved simul-
caneously for o and 3. Then, equation (13) is employed to find the
value of (V/M), thus defining the equilibrium state of the system com-
pletely. The entropy S and enthalpy H of the system result from
the application of the thermodynamic relaticns

5 _ 1 fcA
M~ T MA\ST

_kIn?Z kT 9 InZ
T M M oT

50, 3

(zan)3/2k5/2 1L+8-2 on5/2 - .
= k|1n —~ e = +§(1+5-—)
70 1n z S 1n zg

g 1In zg
-(l—a-B)PT (16)
and
H_ A+ TS+ PV
M~ M
"kTél‘*‘B-&)’*‘(l )___(L_q_g.}.g‘galnzvr
- 2( 2 TSSRT T KT 2 oT
d1ln z 3 1n Zg
(17)

+ (1 -a-p)T ——55——9 -(1-a -8)P =

The values resulting from the calculations are given in table I.
Over the major portion of the range of pressures (Irom 102 to 10-1
atm), the dissociation process is complete before the ionization process
starts. At higher pressures, overlapping of the two processes occurs,
as shown by figure 1. Where no overlapping occurs, either a or B



may be cousidered to be zero. Also, at the low temperatures and higher
pressures, zg may be taken to have the value 2, thus simplifying the -
calculations still Turther.

Where [ can be considered ©o be zero, the fraction of molecules
dissoclated is given by

and, where o can be considered to be zero, the fraction of atoms
ionized is given by

1

il
‘/1 + o= )
Ko

CONCLUDING REMARKS

Hydrogen gas at egquilibrium consists of a collection of diatomic
hydrogen molecules, hydrogen atoms, free protons, and free electrons,
the relative percentage of each being determined by the particular
values of the pressure and temperature. Table I presents equilibri
values of these percentages for hydrogen (75% ortho - 25% para)"for
temperatures from 3000 to 100,000° X and for pressures from 1072 to
10¢ atmospheres. In addition, for these pressure and temperature
ranges, the values of specific volume, enthalpy, and entropy are given.

The internal partition function zyy, of the diatomic hydrogen
molecule is obtained by approximating the forces between the two nuclel
by a Morse potential and then applying old quantum~theory considerations
to the treatment of the high-energy vibration-rotation levels. Thus,
the incerdependence of vibrational and rotational motions of the nucleil
is taken into account, and the resulting expression 1s a series that
converges more rapldly, the lower the temperature.

Convergence of the internal partition function 2z, of the hydro-
gen atom 1s obtained as in reference 3 by essentially cutting off the
series when the average volume asgociated with the electronic orbit
exceeds the average volume per particle within the gas, and a closed-
rorin expression for zg that depends on both pressure and temperature
iz obutained.

Lewls Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, November 2, 12961
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APPENDIX A

APPROXIMATION TO THE INTERNAL PARTITION FUNCTION
OF A HYDROGEN MOLECULE

The internal parcition function for a hydrogen molecule in normal
hydrogen (75% ortho - 25% para) is denoted by Zyp and may be expressed
in terms of the individual partition functions corresponding to ortho-
and parahydrogen:

3 1
= — + -
Zvr 4 (Zvr)orbho 4 (ZVT)para (Al)
where (ZVT)ortho is antisymmetric with respect To interchange of the

hydrogen nucleil, whereas (z i1s symmetric under this interchange.

Vr)para
At low temperatures, the rotational and vibrational contributions

to the partition function may be considered independently. In this
case, the possible rotatlonal energy levels are given by

g3 +1), J=0,1,2, ... (a2)

(erOC)J 3T
where 1 1is the moment of inertia of the molecule about its center of
mass. The multiplicity of each level is (Zj + 1), and the states cor-
responding to even values of jJ are symmetric with respect to nuclei
interchange while those corresponding to odd values are antisymmetric.
Also, at these low temperatures, the oscillatory motion of the nuclei
is small so that, to a good approximation, the potential between the
two nucleil can be congidered to be a harmonic one. The vibrational
energy levels, then, are those of a harmonic oscillator with unit mul-
tiplicity and energy values:

1
(EVib)v = hv(v + -2—), v =20,1,2, . .. (AB)

where v 1s the characteristic fregquency of the vibration. Here, even
v-states are symmetric and odd v-states are antisymmetric, and the low-
est energy level has the zero-point energy of hv/Z. For the hydrogen
molecule, the energy separation of the vibrational levels is about 50
times larger than that of the rotational levels.
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When the vibrational and rotational effects can be considered in-

dependently, they may be written:

(Zvr)ortho

(2yp)

It

para

"non n_n

= (2 (2p)y + (2y) (2p)

(zy) (zp)g + (2y), (2],

where the subscripts "s" and "a" denote symmetric and antisymmetric

states, respectively. Thus,

(Zr)s = (ZJ + 1) e-(erOt)j/kTJ

J=0,2,4, . . .

(zy) = e'(evib)v/kT
s b4

v=0,2,4, . . .

and equation (Al) becomes

(Zr)a = (zj + l) e-(erOt)j/kT

§=1,3,5, . . .

(zv) '(evib)v/kT

e

"

v=1,3,5, . . .

e = (5[5 (), + 2 (), ]+ [ (), + 2 (2] (aa)

As the temperature under consideration increases to room tempera-
ture and above, the higher rotational levels start to fill up and the

distinction between (Zr)s and (Zr)
be written as
(Zr)s = (Zr)a
~ 1
T2
jzoJl}Z)

vanishes. The relations then can

(25 + 1) o (Srot)y/KT

LT2-H
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and
« ~(€pot) /KT
Zyp = / (25 +1) e rot’ aj
T
-5 (45)
where
2
h
e, = (A6)
Y 8nfIx
Equation (A4) then becomes
zZ
r
Zyr T [(Zv)a * (Zv)s]'é_
2y
T2
~ T '(evib)v/kT
2C§
v=0
~ T 1
= (A7)
2@ -_/T
Y

where
C% =T (A8)

and the lowest vibration energy level has been taken as the zerc level.

At temperatures above 1000° or 2000° K, the amplitude of the vibra-
tional motion is large, and the approximation that the potential corre-
sponds to that of a harmonic oscillator cannot be made with any degree
of accuracy. Also, the interaction between the vibrational and rota-
tional motions must now be taken into account; the vibrational motion
increases the distance of separation between the atoms, thus increasing
the moment of inertia, which in turn decreases the separation of the
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rotational energy levels (eq. (A2)), while the centrifugal forces set
up because of the rotational moticn affect the oscillatory motion. The
following calculations are based on the assumption of a Morse potential
between the two nuclei of the molecule, and the stretching of the mole-
cule is handled from the standpoint of the old quantum theory.

It is first shown that the energies of the vibrational levels ob-
tained by experiment agree well with those obtained from calculations
which assume chat the interaction between the nuclel can be described
by the Morse potential function. The form of the Morse potential is

o o _L[Ze-a(r-ro) ) e-Za(r-ro)] ‘g (42)

where gq 1is the dissociation energy, r 1s the separation distance, and
L, ro, and a are constants (see sketch). If the old guantum theory

is employed,

S
o
_E
N\ 1, ‘
| |
{ |
|
o | \ro |
J/ ¥ J/ r——
Tmin Tmax

the number n of vibrational energy levels up o an energy value of
E 1s given by the expression

1
g/fdpdq
T B
VmH/maX / dF
E—ind dr ———————
L b VE - ¢
min

o mH rmax
A E - 0 dr (A10)
Tmin

o
]

I

LTZ-H
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Defining n by the relation

E=-L{1-1n2) + q, 0751 (A11)
it is found that
B n(l +
rmin - rO - g
(A12)
. B n{l -
Tmax = To ~ a

Substituting equations (A9) and (All) into eguation (A10) and letting

e =) (A13)

the integral for n becomes

n_2-\/mHL /” 2 - 2 N
—-T t

1+ ¢
|

————Zﬂ;{l@ (1- - ) (A14)

This result is based on the old guantum theory which postulates that
the energy levels form a continuum and averages over the actual discrete
energy levels.

It

In order to modify equation (Al4) to take account of the fact that
the levels are actually discrete, the situation may be examined when
la(r - ro)| << 1 and the potential ¢ reduces to the harmonic poten-

tial with additive constant equal to [-(L - q)]:
~ 2 z
¢ = La®(r - rg)° - (L - q) (A15)

From equation (AS), the possible vibrational energy values for the mol-
ecule under the influence of this harmonic potential are

E, = hv(v + %) - (L - q), v =0,1,2, . .. (A16)
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where
v =2 L (AL7)
b18 my

Inasmuch as the zero energy level is taken as the lowest vibrational
energy state of the molecule, it is necessary that

hv
L—q=—é—

Also, when 12 << 1, equation (Al4) should reduce to equation (A16).
When 12 << 1, equation (Al4) becomes

jn]
il

-~ 21’(-\/ mHL(% n2>

ah

1
hV(E+L-q)

or
E = nhv - (L - q)

A comparison of the preceding equation with equation (Al6) shows that
the proper correspondence between n and v is

n=v+%‘-, v =0,1,2, . .. (A18)

Thus, n = 1/2 corresponds with the appearance of the first level

(v =0), n=3/2 with the second level (v = 1), and so forth. The ap-
propriate vibrational energy levels for the Morse potential result
from inserting equations (All) and (A18) into equation (Al4):

2
ah (v + -2]—‘)
—_— &/ (A19)
25(-\/ mHL

whose result agrees exactly with the quantum mechanical treatment of
the Morse potential (ref. 4).

Ev = q - LJL -

Herzberg (ref. 5) has listed the spectroscopically determined
values of the rotational and vibrational energy levels for the hydrogen

LT12~d
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molecule up to the vibrational quantum number v = 14. The values for
the constants affording agreement to 2 percent with the listed data are

7.177x10712 erg )

q =
L = 7.619xX107+2 erg (Az20)
a = 1.995x108 cm~1

/
The value of q may be compared with the generally accepted value of
36,116 cm~L = 7.173x10~12 erg. Table II lists both the experimental
values of the vibrational energy levels and those calculated from equa-
tion (A19). The agreement between the experimental and calculated
values demonstrates that the Morse potential is suitable for describing
the interaction between the two nuclei.

The Morse potential function is now employed to determine Zyy -
By the o0ld quantum theory, the number M of vibration-rotation states
up to an energy E is

1

where the integration in momentum and position variables in spherical
coordinates is carried out up to the energy E. For the hydrogen mole-
cule,

i oZ
E=—+ + + ¢
H er2 m.Hr2 sin26

and performing the integration over all variables except r gives

8 2 rmax s
M = 8 3/2 (E - 0)3/2p2 4
r

3 H
min
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Differentiating with respect to the energy yields the density of energy
levels p as a function of the energy E:

_
P =38
2 max
= 4 mﬁ/z (E - )2, 4y (a21)
N
Thin

Substituting equations (A9), (A11l), (Al2), and (Al3) yields

n
4ﬁ2mﬁ/2-\/f fz_ézr _ln§l+§}2d§
hoa, L+ ¢ © a
-1

©
Il

I
}-
1

=3
I
i
+
|

h3a

2 3/2
A myy '\/flgtrg (l =/ 2) 2:0 ]é H] (A22)
where
i
F= f /2 - ¢2 1n§1++§ at
il

and

g

2
e [ ST EG
ol

The integrations for F and H can be accomplished in series yielding

o]

n=

LTe-9q
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where
en=-3
o - % (zn-2) 1
an T ,2n-1 n'(n - 1)! P+1
P=0
~ 1 (2n - 2)! 3 - (A24)
) niln - l)' In{2n - > + 0.578 A24
5 ! !
and
. 2
- (A25)
n=g
where
2n-4 P
I (2n - 2)! 1 1
en T “Pn-z ni(n - 1)¢ P+z L
P:O k=o
- 1
= L (?n 2)', ln2<2n - é) + 1.156 ln(Zn - é) =L 1303
ozn-1 n!{n ~ 1)! 2 2 on - =

(A28)

The preceding result for p stems from the application of the old
gquantum theory, which is based on a continuum of energy levels; and al-
though, at the temperatures in question, the rotation levels may be
treated as a continuum, the vibration levels cannot be so considered.
At energies between the first (v = 0) and the second (v = 1) vibration
level, there exists only one set of rotation levels, all possessing the
vibrational quantum number v = O. At energies between the second and
third vibration levels, two sets of rotation levels exist, the first
being a continuation of the aforementioned set with v = O and the
second possessing the value v = 1. These discontinuities that occur
at each discrete vibration level must be reflected in the relation for
p; and as yet eguation (AEZ}, being based on the old quantum theory,
shows no such discontinuities. Equation (A22) must therefore be cor-
rected, and the modification necessary can be seer by referring to

equation (Al4), where it is observed that the factor 1 - -/1 - na
which occurs in the first term of equation (B23) is directly
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proportional to the multiplicity of the vibrational levels. Thus, the
appropriate discontinuities can be incorporated in the expression for
¢ by making the substitution

2 ah

) 21~/ myL

1-4/1 -7 (v + 1)

in equation (A22):

= m}ﬁg) (v + 1) + —-———-Mzmﬁ/zﬁ

o = 2\ N (-Zran + H) (A22a)
The first term on the right side of expression (A22a) is just the
density of rotational energy levels that would be obtained from the old
quantum theory if the distance between the nuclel of the molecule were
fixed at r = ro and the multiplicity of the vibrational energy levels
were taken into account. Hence, the remaining terms must yield the
change in the density of levels due to the stretching of the molecule.

It still remains to determine the value of ry that enters in the
expression for p. If the classical relation is employed that the av-
erage of the square of the distance between the nuclei for a state of
energy E 1is given by

where

there is obtained

(A27)

Hml
I
H
Do
L
I ro
H
o
I._I
]
=
V]
@
+
a2 -
)
[Zvl |
[\
&y

LT2-d
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where
! (L+ )
3 1 In(1 +
L, n° -
]
- L dF (A28)
n dn
and
g 5 .
I= 1 1n(1+§,1d€
’_"—""z_gz 1+ ¢
1 dH
= a (A29)

The quantities occurring in equation (A27) may be written in series

form:
o]
/l - T]Z G = - E CZnT]En
n=1
= -2.355 1,£-1.277 1%-0.883 18 -0.885 18- . . . (A30)
and

I

[s9]
V1 -n2 3 z D, 120

n=1

1.571 1¢+2.650 n%+2.516 nf+2.291 8 +. . . (a31)

When E = 0, by equation (All),

ng =1

E1ho

I

0.0580
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and

where RZ can be considered to be the average of the square of the
distance between the two nuclei at 0° K. The moment of inertia of the
hydrogen molecule at low temperatures is directly proportional to the
value of RZ2 and determines the spacing between the rotational energy
levels (eq. (A2)). Experimentally it is found that (ref. 6)

Iy
= 2 R
I 5 R
= 4.717x10" 41 g-cm2 (Az2)

Substituting this value of RZ in equation (A27) for E = 0 yields

ry = 0.7234x107° cm

rd = 0.5234x107%° cuf

With this value of rgy, equation (A22a) gives the proper high-
energy limiting values. However, at the lowest energy levels, the
equation should reduce to

2
P =42 2

which it does not. The reason is that only the first term of equation
(A22a) is a corrected one. Consequently, at low energies, that is, up
to an energy value of E = %}, the following expression for o was

chosen as being more accurate than that given in equation (A22a):

5 = 4ﬂ2 er2
he 2

]
%;|§
W\
o] 7
/\
o
I[\)
]
o]
s
]
=3
™
@
4+
I..—l
)
=
[
ey

0.0580 = n2 = 0.1144, OsEs (A22b)

LT2-E
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For larger values of nz, equation (A22a) applies to a sufficient degree
of accuracy.

The final expression for =zy, can now be written as

d
2y = / pe_E/deE
0

2
4~T kT
1,2 E o~Bv/KT
4 he =
41tz(m L) 5/2 q)/kT - n+l
+ 53 (er aAZn + BZH)(L) (@)B)
n=2
2h2 Q)/kT E (2r aCZn + DEn)(L) I (Y:G«) (A33)
n=1
where
m
2
IO = '2— I‘O
y
I(xy) = / ¢e S at
X
P ot
— ' -X .X_. - -y
n.le PT e P!
=0 F=
_0.1144 L _ L _L-g¢g
CL—_“_—kT » B—kT’ Y_kT

The experimental values of the vibrational quantum levels are used to
calculate the second term on the right side of equation (A33).
The first term (1/4) in equation (A33) takes account of the fact that
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in the approximation of (zy/2) by an integral (see eq. (AS5)), one-half
the contribution of the first level is being neglected. Substituting
the values of the constants in equation (A33) gives

- -E, /KT
2,0 = 0.25 + 5.436x107° T 5 o/

3 :Z; 5 3
+ 14.1x10-37 &3-202X10°/T (2rgahy, + By )(0.018118x1073 T)PL, (B.SlixlO 5519410 )

T
n=

20
3 3
3 - . 6.313X
+ 0.8306x1073T &3+202X10°/T E (2ryaCs, + Dpp)(0.018118x1073 T)0I (3 202A0 , £-315X0 ) (A34)
o=

Table III lists the values of (ZrOaAgn + BZn) for n =2 to 20, and

table IV lists (2r0a02n + DZn) for n = 1,2,3, and 4. Calculated values
a(1n Zvr)

of 2zyp are given in table V, and a graph of T IT

against T

is presented in figure 2.

LTg-H
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APPENDIX B

APPROXIMATION TO THE INTERNAL PARTITICN FUNCTION
OF A HYDROGEN ATOM

The quantity in question, zg, is given by the relation

2 =Z oo/ (51)

where €, 1s the energy of the electronic orbit and the summation is
taken over all possible electronic states.

For a hydrogen atom, the energy is only a function of the principal
quantum number "n" of the orbit:

where I 1is the ionization energy, 21.77x10"12 erg, and n takes on
the values 1,2,3 . . .. The multiplicity associated with each level
is 2n2, so that

2o = 2n® e-(Ge)n/kT
n=
e
= e"C/TZZnZ eC/nzT (B2)
n=1

where C = I/k = 15.77x10% %K.

This simple method of handling the problem results in an apparent
divergence of the expression for zy. Altman (ref. 3) has taken the
dependence on the volume of a state into account by weighting each state
PV, ;/kT (

with the factor e ref. 3), where Va1 1s the volume of the

electronic state with principal. quantum number n and orbital angular



momentum guantum number 1. Because the volume is a function of both
n and 1@, the last equation becomes

0 n-~1
2 -PV. kT
7y = e C/T E eC/n“T g 221 + 1) e Vnt/ (B3)
n=1 1=0

where 2(21 + 1) is the multiplicity of a state designated by the quan-
tum numbers n and 7 and the value of 1 ranges from O to (n - 1).

Altman now assumes that the volume is independent of 1 and uses
the simple Bohr theory to give an approximate value for VnZ' Actually,

the effect of considering different volumes for 1 may be incorporated
by taking the following expression for an:

4 = _ 4 * _3
Vi1 =§ﬂ(r )nZ “Eﬂf\yn?,r ¥pyp ar

where ¥ ; 1s the wave function of the electron orbit in hydrogen des-

ignated by the guantum numbers n and 1. Carrying out the indicated
integration over all space gives the relation

e
v, =% (n+m[(n+z+4)z+16(n+z+3)!(n-1-1)

+36(n+1+2)(n-1-1)(n-1-2)
+16(n+17+1)!(n-1=~1)n-1-2)n-1-3)
+(n+ ) (n=-1-1)n-1-2)(n-1-3)n-1- 42] (B2)

where ag, the first Bohr radius in hydrogen, has the value of
0.52917x10-8 centimeter. This equation shows that the volume of a state
varies as nb and, hence, the presence of VnZ in the exponent of
equation (BS) cuts off the sum over n very rapidly. For small values
of n, the exponential factor is essentially unity and the sum over 1,
which shall be denoted by Ly, adds to (2n2) as it should.

Writing the volume V,; in terms of the quantity

! T Y
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yields the relation

VoA = % adn?[n% + 3.125 n? + 0.2109 + A(6n® + 1.875 n)

- A2(1.5 nf + 0.9373) - 1.5 n A2 + 0.375 A4]

1 3 5

'2-) L LA
that the main contribution to the summation L, is given by the terms
corresponding to small values of A. For small values of A and fairly
large values of n, the volume V, A may be approximated by the ex-
pression

where A takes on the values n - %. It can be seen

2
_ 4 5 g A A, 1
Vha = 3 7@ <1+6—-15n—§+3125n—2 (BS)

If Ipn is approximated by an integral and the terms involving n% in
the expression for VmA are changed so that integration can be performed

more conveniently, the result is

n-1
-FvV_ 5 /kT -PV_ A/ kT
L, = 2(21 + 1)e nt/ = E 4(n - Ae ne/
= 13 1
A—-"é‘,g, . . .,l’l—'z—
n
PV A/KT 2
= 4{n- Ae nA/ = 4(n- A)exp -bn6<l+-6 % -3 é%) an
n
0 0
=2 1 e—bng(l e-ubn6>
3 ppd
where b = ﬁ% £ ﬂa5 Because of the fact that an expression incorrect

to terms of order n% 1is used for Vons @ factor (1 - 6bn4) added to
the preceding relation somewhat reduces the error involved so that

6 6
L, = £ L o0 (1 - ¢-3bn ) (1 - 6bn4) (B6)

bn



Substituting equation (A6) into eyuation (A3) gives

- 2 JRN _ 6
, = oC/T eC/nTg—l——ebn (1-e5bn)(1-6bn4) (B7)

Now it must be noted that C = 157,700° X and that b is guite
small; in particular, it has the value

P
b = 4.555X10~3 %tm (B8)

where Patm is the pressure in atmospheres. At temperatures less than
20,000° K, the first term of the sum in equation (B7) predominates be-

cause ofl the factor C/n T The highest pressure considered in this
report is 100 atmospheres and the lowest temperature 300° K; therefore,
b has the maximum value of about 107°. With this value of b, Iqp 1is
practically equal to 2 and 2y vVery nearly has the value 2 in the tem-
perature range below 20,000° K. At higher temperatures where additional
terms other than the first must be considered, b has a value of 10-°

or less; and it is necessary to sum up to a value of n 2 6 in order

to get a value for 2zy. Hence, in arriving at a simpler expression for
the preceding summation, the first term must be left unchanged. The
expression for 2y 1s written in the following form:

2 1B _zy..6
. = e-c/T Zec/ . 8e0/4T ec:/n T2 _1_  -bn°( _-3bn (1- son%)
© 3 bn4
L n=3
[ = 6 6
= e'C/T geC/T+.geC/4T + (l—f—%—) %——lz-e_bn <}— e-Sbn )(l- 6bn4)
n=T bn
R n=3
-
_ -¢/T]_(c/T c C/4T i)
= e Z(e -l-T)+8<e —1—4,1,
6
+ (1 + —-g—> % -1—4 e-bn°(y _ ¢-3bn )(1 6bn?) (B9)
n“T bn

n=

LTZ-4
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Again, employing integral approximations, to a very good degree of accu-

racy for values of Db = 10'4, it is found that

\
6 -Zbn® 0.1£13
-bn 3bn o
S S
n=1
6 -
L <# - g7 ) = 0.2934 /5
e
n=1
> (B10O)
6
E jZ e~bn (} - e=3bn ) = 0.5908 /b - 0.1250 b
n
n=1
.6 6
L ( - e an') = 2.420 v/% - 1.500 b
B
= y

Substituting these results into the expression for Zo Yyields the de-
sired result

10.08 = 5 = +

T

2o = e-C/T 2ec/T N Bec/4T ) C , 0.3939

1/6 (B11)

+ <l.613 % - 0.7652) i 5 - 1.174 % b
b

This expression is found to be accurate to about 1 percent or less over
the entire range of this investigation when compared with the original
expression (B3).

Equation (Bll) is the expression on which the calculations of table
I are based and is given in the body of the report. It is instructive
to investigate whether the values of Zs Change significantly if the
dependence on 1§ of the volume V,1 1s ignored and the simple Bohr
theory of circular electronic orbits is employed. In this case, eqgua-
tion (B4) becomes

= % naon® (B4a)
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and carrying out the same steps as before results in the relations

2 6
2o = e-C/T eC/n T, 2, -bn

n=

R

Zo e'C/T(%eC/T + 8t/ _q0.08 -5 3 4 90908 g g5 &L )

T Tb_l—/'é'
(B12)

A comparison of equations (B11) and (Bl12) shows that the simple Bohr
theory results in higher values for z,, the difference between the two
values approaching 50 percent at high temperatures.

REFERENCES

1. Hilsenrath, Joseph, et al.: Tables of Thermal Properties of Gases.
Cir. 564, NB3, Nov. 1, 1955.

2. Singer-Bredt, I.: The Thermodynamic Properties of Hydrogen and Water
as Possible Working Fluids for Nuclear Rockets. Forschungsinstitut
fiir Phys. der Strahlantriebe E.V.(Germany), May 1958.

3. Altman, David: Thermodynamic Properties and Calculated Rocket Per-
formance of Hydrogen to 20,000° K. Rep. 20-106, Jet Prop. Lab.,
C.L.T., Sept. 3, 1956.

4. Bauer, Ernest, and Wu, Ta-You: Thermal Expansion of a Linear Chain.
Phys. Rev., vol. 104, no. 4, Nov. 15, 1956, pp. 914-915.

5. Herzberg, G., and Howe, L. L.: The Lyman Bands of Molecular Hydrogen.

Canadian Jour. Phys., vol. 37, no. 5, May 1959, pp. 636-659.

6. Stoicheff, B. P.: High Resolution Raman Spectroscopy of Gases. IX -
Spectra of Hp, HD, and Dp. Canadian Jour. Phys., vol. 35, no. €,
June 1957, pp. 730-741.

LTS-H



E-217

29

TABLE I. - THERMODYNAMIC PROPERTIES OF EQUILIBRIUM HYDROGEN
(a) P = 0.00001 atm
T, v/M, /M, H/M, a 8
oK em3/g eal/(g) (°K) cal/e
500. 0.12228 10 02 G. 1009 04 0.1000E 01
500. 0.2036& 10 02 0.1696E 04 0.1000€ 01
750. 0.3055€ 10 02 G.2562E Ok 0.1000€ 0}
1006. 0.4073L 10 02 0.34L4E QU 1.0000E 00
1250, 0-5092¢ 16 0.5186C 02 0.4350E O4 0.9999E 00
1,00. 0.6126E 10 C.3263E 02 0.54 14E O 0.9973E 00
1750. 0.7386E 10 U. 54300 02 U.B8168E 08 0.9637€ 00
2000. 0.1016E 11 0.4079 02 0.2052€ 05 0.7530E 00
2.50. 0.1613E 11 G.54 550 02 0.4934E 05 0.2404E-00
2500. U.2006E 1t 0.597ut 02 0.6194E 05 0.3032€6-01
2150 0.2235C 11 Us LUTEE 02 0.6459E 05 0.4236E-02
5600, C.2u43E 11 0.t125c G2 0.6601E 05 0.T9NLE~Q3
5250, 0.266TE 11 C.61660 62 G.6728E 05 0.1913£-03
4500 0.2851k 11 0.62020 02 0.6852¢ 05 0.56216-04
3150, 0.3055L 11 C.6237€ 02 0.4975E 05 0.39286-05
400U, 0.3253k 11 U.6269L 02 C.TO99E 05 0.1585E-04
PPN 0. 34626 11 0.6299E 02 0.7224€ 05 0.5451E-0%
4500, 0.3666k 11 U.6528E 02 0.7350C 05 0.16%1E-03
W19, U.3874E )1 C.6356E 02 0.7483E 05 0.4415€-03
5000. 0.4077E t1 0.0386E 02 0.76£8E 05 0.1080E-02
5500. 0.4505E 11 UeulH9L 02 0-8010E U5 0.5101E-02
6600, 0.4979: 11 0.¢5020 02 0.8724C 05 0.187BE-01
6500, 0.5596E 11 0.6831L 02 0.1028E 06 0.5695€-01
7000. 0.6542E 11 0.7330€ 02 0.1366E 06 0.1472E-00
7,00. 0.8096k 11 0.t220E 02 0.2014E 06 0.3251€~00
$000. 0.1032E 12 0.9431E 02 0.2953E 06 0.5837€ 00
6500, 0. 1254E 12 0. 1045k 03 G.3793E 06 0.8107E 00
9600 0. 14136 12 U. 10986 03 0.4254E 06 0.9279E 00
9500. 0.1527€ 12 0.1121c 03 0. 4463E 06 0.9730€ 00
10606, 0.1621E 12 0.1132E 03 0.45T0E 06 0.9893E 00
11000. 0. 17906 12 0.1144E 03 0.4700E 06 0.997T9E 00
12000, 0. 1955€ 12 G. 11536 03 0.4804E 06 0.9994E 00
15000 0.2118¢ 12 0.1161E 03 0.4904E 06 0.9998E 00
14000, 0.2281c 12 G.1169E 03 0.5003E 06 0.9999E 00
15600. 0.2644C 12 0.1375E 03 0.5101E 06 0.9999E 00
1600U. 0.2607€ 12 0.1182€ 03 0.5200€ 06 0.9999E 0D
17000. 0.2770E 12 0.1188E 03 0.5299€ 06 0.9999€ 00
100G, 0.2933c 12 0.1193E 03 0.5397E 06 1.0000€E 00
1960u. 0.3095E 12 0.1199C 03 0.5496E 06 1.0000€ 00
20000. C.3253C 12 0.1204E 03 0.5595€ 06 1.0000E 00
22000. 0.3588E 12 0.1213E 03 0.5792E 06 1.0000E 00
2L00C. 0.3910E 12 0.1222E 03 0.5989E 06 1.0000E 0O
26000 0.4246E 12 0.1230€ 03 0.6186E 06 1.0000E 00
28000, C.u562E 12 0.1237¢ 03 0.6383E 06 1.0000E 00
36000, 0.4B8BBE 12 0.12ukE 03 0.6581E 06 1.0000€ 00
35000, 0.5702t 12 0. 1259E 03 0.7074E 06 1.0000E 00
4L000. 0.6517€ 12 0.12726 03 0.7567E 06 1.0000E 00
45000, 0. 7331 12 0.126%E 03 0.8060E 06 1.0000E 00
50G00. 0.6146E 12 C. 1294 03 0.8553E 06 1.0000€ 00
35000, C.8961C 12 0.1303E 03 0.9046E 06 1.0000E 00
60006 0.9775E 12 0.13126 03 0.9539 06 1.0000€ 00
10000. 0.1140¢ 13 G.1327¢ 03 0.1052E 07 1.0000€ 00
86006 0.1303€ 13 0.1340E 03 0.1151€ o7 1.0000E 00
90G0G. 0. I466E 13 0.1352€ 03 0.1250€ 07 1.0000€ 00
16000U. 0.1629E 13 0.1362€ 03 0.1348€ 07 1.0000E 00
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TABLE I. - Continued. THERMODYNAMIC PROPERTIES OF EQUILIBRIUM HYDROGEN
(b) P = 0.00010 atm
T, /M, 3/M, H/M, a 8
o em3/g cal/(g)(°K) cal/g
500. 0.12226 09 G.2461E 02 0.1008E 04 0.1000€ 01
500. 0.2036E 09 0.2636F 02 0.1696t O4 v.1000E 01
150. 0.3055E 09 0.2777TE 02 0.2562t U4 0.1000€ Ot
1000. 0.4073C 09 U.2B7SE 02 U. 344kt Cu 1.0000€ 00
1250. 0.5091E ¢9 0.2938E 02 O.4347E O 1.0000E 00
1500, 0.6115E C9 0.5029€ 02 0.5314E Uk 0.9991E 00
1750. 0.7210¢ 09 G.3022E 02 C.6837t wk 0.9885E 00
2006. 0.8800E 09 C.5369E 02 0.1153t 05 0.9197¢ 00
2256. 0.1234E 10 G.40B9C 02 0.2697€ 05 G.65355C 00
2500. 0.1815€ 10 C.5136t 02 0.5174E 05 0.2180C-00
2750. 0.2195 10 G.s5540 02 0.6264E 05 G.4009€E-0)
3000. 0.2u34c 1O U.5639c 02 0.6562E U5 0.7860E-02
3250. 0.2645E 10 0.57098 02 0.6718E 05 0.1903C-02
3500. 0.2B50€ 10 C.3TuHE 02 0.6843Z 05 0.5617€-03
3750, 0.3054E 10 U.sTB2E 02 C.6974E 05 0.1939E-03
4000. 0.3258E 10 UenB 4L 02 0.7098E US 0.7629E-04
4250. 0.3462: 10 C.u844c 02 0.7222c 05 0.1724E-04
4500. 0.3666E 10 G.38735¢ 02 0.734TE G5 0.5189E-0k
4750, C.3870E 10 C.59u0C 02 0.7473E 05 0.1396E-03
5000. 0.40DT4E 10 0.4927E 02 0.T603E 05 0.3414E-03
5500. 0.4488: 10 C.5982¢ 02 C.7892€ 05 0.16136-02
6000. 0.4917E 10 U.60M0E 02 0.8287€ 05 0.5939€-02
6500. 0.5390C 10 VL6156t 02 U.895CE 05 0.1804E-01
1000. 0.5970C 10 U.63410 02 0. 1020 06 0.4702E-01
7500. 0.6TT0E U C.6669C 02 0.1259€ 06 0.1081E-00
8000. 0.7962E 10 0.7216 02 0.1684E 06 0.2217E-00
8500. U.9702¢ 10 0.8020¢ 02 U.2348E 06 0.4011E-00
9000. g.1187C 11 G.u9430 G2 C.3155€ U6 0.6186E 00
9500. 0.1393& 11 C.9691E 02 0.3846E 06 0.8004E 00
10000, 0.1558L 11 C.1013€ 03 0.4275E 06 0.9070E 00
11000, 01774 1) 0. 1048E 03 U.u63SE 06 0.9801€ 00
12000. Ca1950E 11 U.1C61E 03 0.4TBHE U6 0.994BE 00
13000, 0.2116c 11 U. 10708 03 U.4899E 6 0.9983E 00
14000, G.22808 1} 0.1078E 03 U.5001E 06 0.9993€ 00
15400, 0.24843 11 G.1084E 03 0.51u1E 06 0.9996€ 00
16000, 0.2606e 1 U.1091€ 03 0.5200E Q6 0.9997E 00
17600. 6.2769: 1) G.1097E 03 0.5298E 6 0.9998€ 00
1£000. 0.2932¢ 1 G.11U3E 03 0.5397€ 06 0.9998E 00
19000, 0.3095¢ 11 0.1108E 03 0.5496E 06 0.9999€ GO
20000. 0.3258c 11 G.1113E 03 0.5594E 06 0.9999€ 00
22000. U.3588L 11 U. 11226 03 0.5792€ 06 0.9999E 00
2460C. Ge3910t 11 Je1131E 03 0.5939€ 06 0.9999 00
26000. ueb230c 11} U« 1139¢ D3 0.6186E 06 0.9999E 0O
2£000. L. k5626 11 Lo VIL6E 03 0.6383E 06 0.9999E 00
5UL00. C.4EBSL Y1 Ue 11938 03 0.65808 06 1.0000€ 00
33000 U.5T62€ 11 U.11G8E 03 G.7073E 06 1.0000E 00
40600, G.65170 1t G.1181E 04 0.7566t U6 1.0000E 00
49600, Ga7351E 11 L1193 63 0.8059c 06 1.0000€ 00
56000, 0.5146E V1 0. 1203E 03 G.8552C 06 1.0000€ 00
55600, v.8961c 1 G.1213E U3 0.9045E 06 1.0000E 00
6CLOU. 0.9775e 11 Lal220E U3 G.953% G6 1.0060€ 00
76000. Selluoe 32 0.1236E 03 0.1052¢ ¢7 1.0060E 00
B0G00. Ue 1303 12 U.1250E 03 GV 1S1E 07 1.0000€ 00
FU00C. U 18666 12 0.1261k 03 0.1250E 67 1.0000€ 00
100000, 0.16298 12 U. 12726 03 U.V3UBE GT7 1.0000E 0O
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TABLE I. - Continded. THERMODYNAMIC PROPERTIES OF EQUILIBRIUM HYDRUGEN
(c) P = 0.00100 atm
T, v/M, S/M, H/M, 2 8
O em3/g cal/(g) (%K) cal/g
500. 0.1222E 08 0.100% & 0.10060C ©1
500. 0.2036& Ob G. 1696t UL 0.10C0L 01
150, U.3055E 08 o Ua2562E 04 Q.1000L 01
1C00. 0.4073c 08 U. 2651k 02 O.3444E UY 1.0000C ©oO
1250. 0.5091E 08 0.2731E 02 Vel 3U6E CU 1.00008 00
I50C. U.6111€ 0B 0.2799E 02 0.5283t Oy 0.9v¥97L 0O
1750. U.T154k DB C.286% 02 G.6415E Ou G.9964c 00
2000, 0.8354E 08 C.2983L 02 0.8576E Ou 0.9745E 0Q
2250. 0.10238 09 U. 3259 02 0. 1449t U5 0.9d840E 00
2500. 0. 1394E 09 G.iBTHE 02 0.29288 09 g.6512C 00
215u. U. 19435 09 C.ubB82c 02 0.5035t 05 0.2633E-00
3G00. 0.2357€ Q9 U. 0%l 02 0.6216E 05 C.7T115E~C)
3250. 0.2623€ 09 V.u22B: 02 Q.6062TE 05 0. 1860E-C1
50U . 0.2843E 09 0.286E 02 0.6821E US 0.557SE-02
3750, 0.3052c 09 G.u326C 02 0.6904t 05 0. 1934k-02
#00C. 0.3257: 09 0.5359L 02 0.7094E 05 0.7622E-03
8250, 0.3u61E G9 0.5390e 02 0.7220E 05 0.3342c-03
4500. G.30665E 09 0.54 18 02 0.7344E G5 0.1603£-03
4750, 0.3870t 09 QL4455 G2 Qa74T0E 05 044 15E-OH
50006. 0.4073E 09 O.L47lkE 02 0.7595E 05 C.1080E-03
5500, O.4483C 09 Q.u521E 02 0.7855E 05 0.5101E-03
600G 0. 4897C 09 0.459572c G2 0.81L8E (S 0.1878E-02
6500. 0.532% 09 O.h6328 Q2 0.8527E 05 0.5TOLE-G2
7000. 0.5787c 09 BaLTIEL 02 0.9092L U5 0. 1488E-01
7500. 0.6319¢ D9 0.L8L3E 02 0.1002E U6 0.3436E-01
800u. 0.6Q8LE 09 0.00L5C 02 C.1158E O¢& 0.7172E-C1
5500, 0.7874E 09 D.06356L 02 0.4 16E 06 0.1372E-G0
Q00U. 0.9104E 09 0.68120 02 0.1816€ 06 0.2416€E-00
9500. 0.1075E 10 G.7816L 02 0.2375€ 06 0.3892e-0G0
16000. 0.1274E 10 0.8095E 02 0.3037E 08 0.5634E 00
1100V, 0.1652E 10 0.2149c 02 0.4138BE 06 0.84%33E 00
12000. 0.1910E 10 0.9585k 02 0.46306E 06 0.9533e 00
13000. 0.2102E 10 0.9758t 02 C.4B50E 08 0.9848E 00
140600, 0.2275E 10 0.98%6t 02 0.4963E O 0.9942€ QO
15000. 0.2441€ 10 0.9932c 02 0.5093€ 06 0.9973€ 00
16600. 0.2605E 10 0.9999€ 02 0.5196E 06 0.9985€ 00
17600, C.2T69E 10 0.1006E 03 0.5297€ C6 0.9991E 00
18000 0.2932c 10 0.1012E 03 0.5398E 0o 0.9993€ GO
19000. 0.3095¢ 10 0.1017E 03 0.5495E 06 0.9995& 00
Z20000. 0.3258E 10 0.1022E 03 0.5594E 06 0.9996E 00
220Qu. 0.358B4E 10 0.10351E 03 0.5791E 06 0.9997E 00
24000, 0.3910& 10 0.1080E 03 0.5949€ U6 0.9997€ 0O
26000 U.u4236t 10 0.1043L 03 0.6186E 06 0.9998E ©O
28000. 0.4562t 10 0.1055E 03 0.6343E 06 0.9998€ 0O
30000. 0.4887€ 10 0.1002t 03 0.6580E 06 0.9998E 00
35000. 0.5702E 10 0.1077E 03 0.7073E 06 0.9999€E 00
4000G. 0.6517 10 0.1090E ¢3 0.7566E 06 0.9999€ GO
45000. 0.7331€ 10 0. 1102 03 0.8059E U6 0.9999€ 0O
50000. 0.8146E 10 0.1412e 03 0.8592E Q6 0.9999E 00
55000. 0.8960E 10 0.1122E 03 0.9045E Go6 1.0000E 00
60000. 0.9775€ 10 0.1130E 03 0.9538€ 0o 1.0000€E 00
70000. g.1140e N 0.1146E 03 0.1052€ 07 1.0000&8 GO
80000. 0.1303E 11 0.1159¢ 03 0+ 11591E 07 1.0000E 0¢
90000. 0. 1466E 1} 0.H170E Q3 0.1250E 07 1.0000€ 00
100000. 0.1629€ 11 0.1181E 03 0. 1348 07 1.0000€ 0O
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TARLE I. - Continued. THERMODYNAMIC PROPERTIES OF EQUILIBRIUM HYDROGEN
(d) P = 0.01000 atm
T, v/M, S/M, H/M, a 8
ok em3/g cal/{g) (°K) cal/g
300. D.1222¢ 07 G.2007c 02 Ca10002% UN G.1CU0LE Y
500. 0.2036k Q7 0.2182t 02 Q. 16960 U4 0.1000L G
150. 0.3055€ 07 0.2322c 02 0.25962L U4 Q.1000€ Q1
1000. 0.4073€ Q7 G.2424c 02 Ca3uLLE QU 1.0060L 0Q
1250. 0.509%c Q7 U.2505L G2 O U3NOE UY 1.u0GUE OO
1500. 0.6H10E 07 Ua29720 02 0.52730 U 0.9999c G0
1750. 0.7136E 07 Ue2634E 02 0.62828 Gu C.99U9E Q0
2000. g.8212¢ 07 G.2700k 02 U 7636 UY 0.9919e Q0
22504 0.95038 G7 C.2826E 02 0.1020E U5 0.9631c 00
2500. C. 1145 €8 £.3068E 02 0.1600C uUb $.875%E 00
275G U. I483E 08 U. 35220 02 027950 U» U.67060E 0O
3000. 0.1981E 08 Ga oL 02 U.4533E US 0.5781-00
5250. 0.2449% OB V.4568k 02 C.59C8E udv U 1496E-00
3500. 0.2777€ CB D.uTohiE 02 8.6500L U5 0.5 ¥6uE-C1
3750. 0.3026E 08B U489t 02 U.68TLHE US C.ld5E~-01
4000. G 3246E 08 O.4097t 02 Q.7057E Uub Q. 7546E-02
4250, Ge3u56k UB 0.49352L 02 GaT2ust 05 U.3327L-02
4500. 0.3663E 0B G402t 02 0.73%6E 05 0.1600t-02
4750. 0.3868E 08 J.4990L G2 G.7THOLE LD 0.22U9E-C3
5000. 0.4072E 08 G306 02 0.7H89% U5 Ou.t580:-03
5500. D.4481E O 0.5064E 02 07343 UGS 0.1613E-03
w000, D.4B891k G8 0.9110 02 0.5165c 05 0.5939E-03
6500. 0.530u4E 08 0.5156& 02 U.8393c UH U.1804E-C2
7000. 0.5729c 08 0.5207E 02 0.8740E 05 0.4707E-02
7500. D.6176k 08 U.5271z 02 C.9202E 05 0.1067€-G1}
£000. U.66065C 08 0.5356L 02 0.9867C 0% 0.2273e-01
£500. 0.7227c 08 U.54770 02 010860 0O Q.4376E-01
9G0G. 0.7907€ 08 0.5647C 02 0.12560 ue 0.7851e-01
9500. 0.8764E OB 0.5885L 02 0. 4568 GO 0.1324E-00
10000. 0.9865E 08 0.0203L 02 C.1767L 06 0.2109€E-00
11000. 0.1296t 09 0.7076& 02 0.2685k Ub O.u8536-00
12000. 0.167T1E 09 0.7990c 02 0.3735c 06 0.7T089E OC
13000, 0. 1989E 09 UeuhélL 02 O.u453: 06 0.8775E& 00
14000, 0.2226€ 09 U.u8420 02 C.u4B22C U6 0.9504E 00
15006. 0.24¥3E 09 G.0982L U2 0.5025L C6 0.9783t 00
16C00. 0.2594E 09 0.72073L 02 G.5165L U6 0.9894E 00
17000, Go 2763k 09 U.9143 02 U.5%201L Go6 0.994 1E 00
1800G. 0.2928E 09 0.9204c G2 0.5367L U6 0.9964E 00
1900C. 0.3093t 09 U.9260c 02 0.D89CC Lo 0.9975E (O
2000G. 0.3256E 09 09311 02 0.9591C 0o 0.9981E 00
22000. 0.3583E 09 G.9uCu 02 Jao?y0L Ub 0.9988E 00
24000. 0.3909L L9 UG.2492L G2 G.59868E vo 0.9991€ 0O
20600 0.4235E 09 Ce95T7IE 02 0.6185L U6 0.9993E 0C
28000 Q.U561E L9 C.96L4k 02 Ce333: Lo 0.9994E 0O
3C000 G.u88TE C9 V2712 02 Ue6580L Vb 0.9995€E 00
35000. 0.57T02E 09 0.986L4E 02 U.TO 3L GO 0.9996E GO
40000. 0.65 16k 09 U.9996t 02 G.Tiout Vo 0.9997€ 00
45000, V.7331E Q9 U.I01IE 03 080571 Vo 0.9998E 0O
30000, 0.8146L 09 0.1022E Q03 CeBha2i L6 0.9998E 00
55000. 0.8960E 09 U. I031L 03 C.?2C45t Co6 0.9999E 00
6CC00. 0.9775k Ov 0. 1040t 03 LUe7350k U 0.9999E €O
70000G. o180 10 0.1055L 03 L. lCo2e 07 0.9999E 00
sC000. 0.1303L 1C U.1068C 03 vs1bole ur 0.9999€ 00
PULOU. O lLOSE 10 U. 1DBOE O3 (1250 O7 0.9999E OO0
VT HVT IV 0.1629¢ 10 0.1090L 03 Go 13460 U7 1.000GE 0O
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TABLE I. - Contlinued. THERMODYNAMIC PROPERTIES OF EQUILIBRIUM HYDROGEN
(e} P = 0.10000 atm
T, v/, 3/M, H/M, a g
~ ox end/g cal/(e) (°K) cal/g
—
o 300. 0.1222 06 0.100t GO GoloooL 01
] >00. G.2036E U6 G. 1696 04 0. 10UCL U
750. U2 3055E U6 0.2502c O4 4.1600E G1
1600. 0-4073k U6 0.38kic 0.1060L 01
1250, 0.5091E G6 0. u3460 U4 1.CC00E 0O
1500. 0.6110E 06 0.234uL 02 0.5270C b 1.00G0E GO
1750. 0.7130E 06 U.2MLUE 02 0.6240L O J.9996L 0O
2000. 0.8167E 06 0.2883E 02 C.7339E Ou 0.9975€ GO
2250. 0.9271E G6 0.2533E 02 0.8837€ O 0.7863E 00
2500. 0.1059¢ 07 0.26L0E 02 G.1139E 05 0.5604E 0C
2750. 0-1241€ 07 0.2820t 02 0.1615E 05 0.8923C 6O
4000. 0.1519€ 07 0.3115€ 02 0.2065E 05 0.7568L 00
3250. 0.1926€ 07 U.3522¢ 02 0.3739E 05 0.SkBE 00
3500. 0.240%E ©F 0.3934k 02 0.5125E 05 0.31390-00
5750, 0-2B24E G7 V42156 02 0.6141E 05 0. 1512E-00
4000. 0.314T7E 07 C.u365L 02 0.6720C G5 0.6B855E-01
4250. 0.3407€ 07 U.4UNLE 02 0.T045E 05 0.5185£-01
4500, 0.3637E 07 0 44926 02 0.7258E 05 C.1566E-01
WI50. 0.3853E 07 0.4528E 02 0.7TL23E 05 0.8198L~02
3600, 0.4064C U7 G.u558E 02 0.7566E 05 U 592E-02
5500. 0.4uT77E OF 0.4608E 02 0.7829E 05 0.1836E-02
6000- 0.4BBE 07 0.4651E 02 0.8041E 05 0.0939E-03
6300, 0.5298E 07 0.4695€ 02 0.8350E 05 0.5TOLE-C3
£G00- 0.5T11L 07 0.4736E 02 0.8629t 05 0.1489E-02
7500. 0.6131€ 07 0.uT79E 02 0.8944E 05 0.3438E-02
6C00. G.6564k 0T 0.4828E 02 0.9323E 05 0.7190E~02
$500. G.7020E OF 0.48B7E 02 0.9806& 05 0.1385€-0)
9000. 0.75V4t 07 0.4960E 02 0.1045E 06 0.2490€-01
9500. 0.8066E G7 0.5054€ 02 0.1132E G6 0.4222E-014
10000. 0.8701E CT G.n177E 02 0.1251E 06 0.6807E~01
11600, 0.1036E 0B 0.5531t 02 0.1625¢ 06 0.1554€~00
12600. 0.1275¢ 08 0-6C59t 02 0.2233E U6 0.3035E-00
13000, 0.1593k 08 V.0T18 02 0.3052C U6 0.5032€ 00
14000. G.19ult 08 G 7327 02 0.3879t 06 0.7002€ 00
15006. 0.2250c GE U. 1750t 02 D.ui0E 06 0.8390€E 00
16000. 0.2501E 0 U-8UUYE 02 C.8850E 06 0.9161€ 00
17000. (27106 08 Vot 1uil 02 U515 U6 0.9547€ 0C
18G00. 0.2897¢ 08 Uad2onik U2 U.5303L 06 0.9739E GO
19000. 0.3073E 08 U.83300 02 ULSbAAL 06 0.983BE 00
2000U. Ue3244k 08 UVeuldvli G2 C.5563L U6 0.9892€ 0Q
22500, G.3576E 08 G.H493L G2 C.STTTL 06 0.9942€ 00
25006, G.3905€ 08 G.uhulE 02 C.59dlE G 0.9962E 00
26000, 0.u232E 0B U.rb02t 02 G.616lt Gb 0.9972E 00
25000 0.-4559C 08 O.BT36L 02 G.6 3000 U6 0.9978E 00
30000, 0.4885c Ul G.uBluL 02 G.6578C 06 0.9982E 00
35000, 0.5T00E UGB V.u9500 U2 V.T0728 6 0.9988E GO
L0000, 06515 G CePuciit Q2 Ua75060E UG 0.9991E 00
45C00. 0.7330t 08 Ua¥2Ubl 02 0.8058. 0C 0.9993E 00
56000. 0.5145¢ 08 G.9304C 02 G.8551E 06 0.9994E 00
55000. 0.8960E 0§ C.ouG2E 02 G.9044E 06 0.9995E 00
60000. U.97T4E 08 G.IuEsl 02 0.95 36t 06 0.9996E GO
70000, G.1140E U9 G.P6400 02 U.1052¢ 07 0.9997E 00
80000. 0.1303€ 09 C.oT7VL G2 0.1151C 07 0.9998E GO
90000. 0. 1466E 09 Ve 280udE 02 0. 12500 ©7 0.9998f €O
100000, 0.1629: 09 Ga99vaL 02 0. 1348c 47 0.9999E 00




TARLE T. - Contlnued. THERMODYNAMIC PROPERTIES OF EQUILIBRIUM HYDROGEN
(£) P = 1.00000 atm
T, v/M, S/M, H/M, a 8
Sy end/ g cai/(g){%K) cal/g
300. 0.1222E 05 0.1605E Uk 0.100GE Gl
50U. U.2036E uS U.1696E 04 €.1000c 01
750. 0.305%E 05 0.2562E U4 U.1000E U1
1000. C.4CT3E 05 0.38uue 0% 0.1C00k 01
1250. 0.5091E 05 0.4346E QU 1.00U0E 00
1500. 0.6110E 05 0.5269E 04 1.0000E 00
1750. 0.7129c 05 G.2176E 02 U.6227t O4 0.9999€ 00
20006. 0.8153€ 05 0.2231C 02 0.7245E Ok 0.9992€ 00
2250. 0.9198E 05 0.226% 02 U.BUOKE Ob 0.9963E 00
2500. 0.1031E 06 0.2348E 02 0.9913C 0% 0.9875€ 00
2750, 0.1158E 06 0.24336 02 C.1214€ U5 0.9658€ 00
5000. U.1318E U6 0.2555€ 02 0.156TE 05 0.9210€ 00
3250, 0.1535€ U6 0.2751E 02 0.2117€ 05 0.B404E 00
350G. U.1833E C6 .29G69E 02 0.2923€ 05 0.TIL2E 0O
3750. 0.2219€ 06 0.3255¢& 02 0.3957€ 05 C.5473E OO
4C00. C.2654E 06 0.3547€ 02 C.5049E 05 0.3T08E-00
4250, 0.3071E 06 0.3760E 02 0.5971€ 05 0.2259€-00
4500. 0.3u28€ VO G.3910C 02 0.6625E 0S5 0.1299€-00
4750. U.3T26E 06 0.4UOKE 02 0.7T057E 0S 0.7391€-C1
5000. 0.3986t 06 U. 40650 02 0.7353E 0S5 0.4291E-01
5500. O uBULE 06 . k140t 02 0.TTu9E 05 0.1600£-01
600C. 0.4871E 06 0.4192E 02 0.8046E 05 0.68TWE-D2
6900, 0.5286E 06 G.4235E 02 0.8312€ 05 0.3335€~02
7000. 0.5697€ 06 G.u273E 02 0.856TE 05 0.1787E-02
7500. 0.6113E VO U.W313L 02 0.8856E 05 0.1035E-02 0.1086E~02
8000. G.6530€ 06 0.4350C 02 0.91%6E 05 0.6405E-03 0.2273E-02
8500, C.6953E 06 0.u2H9L 02 0.9469E 05 C.41T4E-03 0.437BE-02
9000. U.73B8E 06 C.uu32c 02 0.9842€ 05 0.2834€-03 0.7878E-02
9500. V. 7B2E 06 C.uuB0L 02 0.1029€E 06 0.1336E~01
10000. 0.8322E 66 U. 4536 02 0.1084E 06 0.2157€-01
11000. 0.9407E 06 VL6828 02 0.1237E 06 0.49TI1E-01
12000. C.1076E O7 U.uB9IE 02 C.1478E 06 0.1003€-00
13000. 0.1252C 07 CeblElE 02 0.1841E U6 0.1815€~00
14000. 0. 1u82E 07 Ue55595E 02 0.2347E U6 0.2976E-00
15000. V. 1766E 07 0.5969E 02 0.29768€ 06 0.4421E-00
16000. 0.20B3€ 07 G.O22E U2 0.3647E 06 0.5937E 00
17000. 0.2396E 0T 0.o6788E V2 0.4251E 06 0.7252€ 00
15000. 0.2679€ 07 L. TD6OE 02 G.uT25E 06 0.8219E 00
19000. 0.2926€ 07 0.72u7¢ 02 0.5071E 06 0.8853€ 00
20000. 0.3W4E 07 G.7377¢ 02 0.5324€ 06 0.9247E 00
22000. 0.3528t 07 0. 75440 02 0.5673E 06 0.9639E 00
24000 0.3878€ 07 0.7656E 02 C.5929E 06 0.9797€ 00
265000. U.u215€ 07 0.7T4SE 02 0.6152E 06 0.9869€ 00
28000. C.454TE 07 0.7822¢ 02 0.6362E 06 0.9906E 00
30000. 0.4BT6E 0T U.T893E 02 0.4565€ 08 0.9928E 00
350004 0.5695€ 07 0.u047E 02 0.7065E 06 0.9955€E 00
40000. L.6SHIE 07 0.8179L 02 0.7560E 06 0.996BE 00
45000, 0.7327¢ 07 0.3295€ 02 0.8055t Q6 0.9976E 00
$0000. 0.8142E 07 G.dkO0E 02 0.85L8E 06 0.9981E 00
55000. 0.8957E 07 .84 94E 02 0.9042E U6 0.998kE 00
60000. 0.97728 07 0.8579C 02 0.9535¢ 06 0.9987€ 00
70000. 0.11u0E 08 0.8732E 02 0.1052€ 07 0.9991E 00
80000. 0. 1303E 08 0.8863C 02 0.1151€ 07 0.9993E 00
90000U. 0. 1466E 08 0.B9T9E 02 0.1249€ 07 0.9994€ 00
100000. 0.1629¢ 08 0.9083t 02 0.1348€ 07 0.999SE 00
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TABLE I. - Continued. THERMODYNAMIC PRCPERTIES OF EQUILIBRIUM HYDROGEN
{g) P = 10.00000 atm
T, v/, 3/, H/M, a 8
og end/g cal/ (g} (%K) cal/g
300. 0.1222€ 0y 0. 100%E 0O 0. 1000 01
500. 0.2036E OW 0.1696E Ou 0.1000€ 01
750. 0.3055€ Ou 0.2562E 04 0.1000E 01
1000. 0.4C73E O 0. 3444E OU G.1000E 01
1250, 0.5091E 0k : 0.4346E O 1.0000E 0O
1500, 0.6110€ QU 0.1890 02 0.5268E 0% 1.0000E 00
1750. 0.71288 Ob C.1989¢ 02 0.6222€ OB 1.0000& 00
2000. 0.8148E OH 0.2002c 02 C.7215E Uu D.9997E 00
2250. 0.9175E 0Ou 6.2051E 02 0.B26TE Ok 2.9988€ 00
2500. 0.1022€ 05 0.2101E 02 0.9U4TE Ou4 0.9960E 00
2750. 0.1132€ 05 0.21556& 02 0.1047E 05 0.9892E 00
3000. 0.1253E 05 0.2219¢ 02 0.1271C 05 2.9749E 00
3250. 0.1391E 05 0.2299¢ 02 0.1522E 05 J.9489€E 00
3500. 0.1559€ 05 0.2403E 02 0.1867€ 05 2.9061E 00
3750. 0.1769t 05 0.25350: 02 0.2335E 05 J.8415E 00
4000. 0.2033E 05 0.2687¢ 02 0.2943E 05 0.7520€ 00
4250, 0.2355E 05 0.28661 02 0.3681E G5 0.6393E 00
4500. 0.2726€ 05 0. 30540 02 0.4502€ 05 0.5125E 00
4750. 0.3121€ 05 0.32301 02 0.531BE 05 0.3869£-00
5000. 0.3507E 05 U. 3360 02 0.60406E C5 2.277TTE-00
5500. 0.4184E 05 0. 35810 02 G.7100E 05 2.1322€-00
6000. D.4734E C5 0. 3692( 02 C.TT32E 05 3.6297E-01
6500. 0.5210E 05 U.3759L 02 0.8152€ 05 2.3192€-01
7000, 0.5652E 05 0.38C8E 02 U.BHT9E 05 0. 1 7T4SE-01
7500, 0.6078& 05 0. 3647 02 0.8766E 05 0.1C24E-01
8000. 0.6U96E 05 0.3882¢ 02 0.9034E 05 3.6393€-02
8500. 0.6919E 05 0.3919 02 C.9342¢ 05 4.4 18TE-02 0.1381€E-02
9000. 0.7339E 05 U.3953E 02 0.9635€ 65 0.2870€~02 0.2485E-02
9500. 0.7763c 05 0.3987¢ 02 0.9949E 05 3.2039€-02 0.4219€-02
10000, 0.B195E 05 0.4022t 62 0.1029C 06 U, 1492E-02 0.6815E-02
11000. 0.9096E 05 o.ul01E 02 0.1112€ 06 0.8546E~03 0.1573E-01
12000. 0.1009€ 06 0.4198: 02 D.1224E 06 0.3187€-01
13000. 0.1121€ 06 0.4319¢ 02 0.1376E 06 0.5830E-01
14000, U.1253E 06 otk 3L 02 0. 1583k 06 0.9825E~01
15000. 0.1413E 06 0. 46040 02 0.1861E 06 0.1546E~00
16000. 0. 1605E 06 0.4d 02 0.2217€ 06 0.2288E-00
17000. 0. 1834E 06 6.51 02 0.264%E 06 0.3197E-G0
18000. 0.2095E 06 G.54 36k 02 031408 06 0.4226E-00
19000, 0.2379€ 06 0.5T13E 02 0.3654€ 06 0.5289E 00
20000. 0.2669E 06 0.59068t 02 0.4 147E 06 0.6288E 00
22006. 0.3217€ 06 0.63506 02 G.4968E 06 0.7837E 00
21000, 0.3687E 06 0.5533E 06 0.8748E 00
26000. 0.4095E V6 U.5924E 6 0.9235€ 00
28000. 0.4467E 06 0.6223E Go 0.9497E 00
30000, 0.4820E 06 U.6960E 02 0.6473E 06 0.9845E 00
35000, 0.56606E 06 C.7V30E 02 0.7026€ 06 0.9813E 00
40000. 0.6492E 06 0.7267¢ 02 0.7538t 06 0.9879E 00
45000, 0.7313¢ 06 0.738LE 02 0.803%¢ 06 0.9913E 0O
50000. 0.8151E 06 0.7490E 02 0.8546E 06 0.9933E 00
55000, 0.U94TE 06 U.T584E 02 0.9032E 06 0.9947E 00
60000. 0.9764E 06 . T6TIE 02 G.9527E 06 0.9956E 00
10000, 0. 1140 07 0.7823L Q2 0.1052€ 07 0.9969E 00
80000. G.1303E 07 0.7955k 02 0.1150€ 07 0.9977E 00
9C000. 0.1466E OT 0.8071: 02 0.1249€ Ul 0.9982E 00
100600. 0.1629& 07 U.B1T5E 02 0.1348E 0T 0.9985E 00
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TABLE I. - Concluded. THERMODYNAMIC PROPERTIES OF EQUILIBRIUM HYDROGEN
(h) P = 100.00000 atm
T, v/M, 5/M, H/M, a B
ox emd/g cal/{g)(°K) cal/g
300. 0.1222c 03 0.103%E 02 0. 100% O 0.1G00E O}
500. 0.2036E 03 0.1274E @2 0.1696E 04 0.1000€ 01
750. 0.3055E 03 U.1414€E 02 0.2562E Ou4 0.1000€E 01
1000. 0.4073€ 03 0.1515E Q2 Oa3b44E 04 0.1000E 01
1250. 0.5091C 03 0.1535E 02 O.4346E 04 1.0000E 00
1400. 0.6110E 03 U. 16632 02 0.5268E Ok 1.0000E 0O
1750. 0.7128E 03 0.1722E 02 0.6221C Ch 1.0000E DO
2000. 0.6147E 03 0.17T4E 02 0.T206E Ou 0.9999E 00
2250. 0.9168E 03 Ga. 1822t 02 0.8224%E 04 0.9996E 00
2500. 0.1020E Ou 0.1868t 02 0.9300& Ob 0.9987€ 0O
2750. 0. 1124E Ok 0.19126 02 0. 1046E 05 0.9966E 00
5004. 0.1232c o4 G.1998E 02 014778 05 0.9921E 00O
3250, 0.1345E Ou C.2006E 02 0.1330E 05 0.9838€ 00
3500. 0.1468E Qu 0.2001E @2 0.1515E 05 0.9702E 0O
3750. 0.1605E Ou U.2123E 02 0. 1740E 05 0.9493E 00
4000. 0.1761E 04 0.2195E 02 0.2018& 05 0.9193E 00
4250, 0. 1941 Ou UL 227TTL U2 0.2356E 05 0.8786E 0O
4500, 0.2152E 08 0.2369L 02 0.2762E 05 0.B8261E 00
U750, U.2396E Ou G.2u72L C2 0.3236E 05 0.T7616E 00
5000. 0.2675€ 04 U.2082L 02 C.37TTIE 05 U.6B6HE 00
5500, 0.33236 Ch U.280TL 02 C.LISKE 09 0.5166E 00
400L. 0.4025E O U 3008 02 C.61G8E 05 0.3530E-00
6500 U H696E Gl G.310M 02 0.7062C 05 U.2263E-00
1000, 0.529TE Uk G.3267L U2 0.7T7I9L 05 0.1420E-00
7500. 0.5834E U4 L.3342E 02 0.8316E 05 0.9017E-01
LC00. 063258 Ok Ue33966 G2 0.d75TE 05 0.5890E-C 1
6500, 0.67Bok UM Ga 34390 02 0.9091E ©5 C.3981L-01
Q000. 047235 OW G. 3808 02 0.9433¢ U5 0.2777E-01 0.7711€-03
9500, 0.T6T1L OW V.3512¢ 02 0.9743E 05 0.2002£-01 0.1316E-02
10000, 0.8103k UM 0. 3563 U2 0.1005E 06 0. 1483€-01 0.2134E-02
11000. C.3966E Uk 0. 36U3C 02 0.1068E 06 0.8727E-02 0. UIUUE-G2
1200¢. 0.9E46L OW C.3664E 02 0.1133£ G6 0.5577E-02 0.1004€-01
150006, 0.1077E 05 La3f30L o2 0.1220€ 06 0.3712E-02 0.1842€-01
14000 0. 1175E 05 0.3cluL y2 0.1520E 06 0.2564E-02 0.3119€-01
15000, 0.1281E 05 U.3EBLE 02 0.1442E Q6 0.1813€E~02 0.49UBE-01
1600C. 0.1400E G5 0. 3904t 02 U.1591E Q6 0.1296E-02 0.7441E-01
17000. 0. 1532e 05 U L094E 02 C.1TT26 06 0.9281E-03 0.1070€-00
16006, U 1683L 05 U.4219E 02 0.1991E 06 0.6590E-03 0.1479E-00
1900L. U.1853€ US 0.4358E G2 0.2248E 06 0.4596E-03 0.1976£-00
20000. U.2045L 05 0.4510t 02 0.2540E 06 0.3114E-03 0.2557€E-00
22000. 0. 24958 US VauBu2e 02 0.3242€ U6 0.1234E-03 0.3922E-00
24000, U.3006E U5 052080 U2 G.u0SBE GO 0.5208€ 00
26000, Ce35260 U U.uu94E 02 0.478I0 V6 0.6449E 00
2ci0U. 0.4G23L 05 U719 02 0.5387% 0& 0.T425€ 00
5C00L. G.uu8lE UY C.3t83: 02 0.5878E C6 0.8128¢ 00
35000, Ua5LEdL UL Lot V60U 62 U.6154E 06 0.9072€ 00
400U, 0.03868 U9 G.o3310 U2 L T3I3L G6 0.9458E 00
45006, U721 UY U.0b63E 02 C.7950C 06 0.9640€ 00
26000, 0.80788 U5 Ua0d 30 U2 C.B474E 06 C.97T40E 00
LU U.8900L U5 L.60671L 02 0.8985E C6 0.9802€ 00
000U, 0.97290 U9 C.o?hBt 02 0.9L8%E 06 0.9B42E 0O
7C00C. 0.11378 06 v.e9I2L 02 G.l049C 07 0.9892E 00
8000G. 0.1301%c veo G.TUWSL 02 0.11u8E o7 0.9921€E 00
FU00V. Uellout 06 UaThro2L U2 0.1247E 07 0.9939€ 00
160000, U.1627E U6 C.l206t 02 Cot3u6E 07 0.9952€ 00
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TABLE II.

MEASURED VALUES OF VIBRATIONAL ENERGY

- COMPARTISON OF EXPERIMENTALLY

LEVELS OF THE HYDROGEN MOLECULES

WITH VALUES AS CALCULATED

BY EQUATION (B19)

v Energy, Ey, em™L
Experimental Equation (B19)
(ref. 5)
0 0 0
1 4,161 4,254
2 8,087 8,241
3 11,782 11,962
4 15,250 15,217
5 18,492 18,605
6 21,506 21,527
7 24,288 24,183
8 26,831 26,573
9 29,124 28,69
10 31,150 . 30,553
11 32,887 32,144
12 34,302 33,460
13 35,351 34,526
14 35,973 35,718
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TABLE IIT. - VALUES OF CONSTANTS

Azn AND Bon
n Azn Bzn eroghzn + Ban
z 0.583905 0.3927 2.0652
3 40906 5727 1.734
4 +30066 «0536 1.407
S .23348 «50335 1.166
6 .18871 L4529 .9887
7 15709 .4083 .8543
8 «13374 37004 . 7497
9 «11587 «33744 .6664
10 .10183 » 30955 5987
11 .090522 .2855 «5425
12 079434 264867 .4902
13 .073540 24644 .4552
14 .067024 .2304 4207
15 061461 .2162 . 3907
16 .056660 «2035 3644
17 052482 .1921 .3411
18 .048816 «1819 «3205
19 .045578 .1726 .3020
20 .042698 .1642 .2854
TABLE IV. - VALUES OF CONSTANTS
Czn AND Dgp
n Con Don 2roalpy + Dgp
1 2.355 1.571 8.258
2 1.277 2.650 6.268
3 .883 2.516 4.997
4 .685 2.291 4,215

JANAST]
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TABLE V. - CALCULATED VALUES OF Zyp
T A T A T Zyp
k| | v & |
300 2.020 4,750 41.65 18,000 463.9
500 3.213 5,000 45.20 19,000 511.2
750 4.718 5,500 52.81 20,000 560.0
1000 6.214 6,000 61.13 22,000 661 .4
1250 7.802 6,500 70.18 24,000 767.3
1500 9.422 7,000 79.96 26,000 877.0
1750 {11.125 7,500 90.49 28,000 990.1
2000 | 12.93 8,000 | 101.8 30,000 {1106
2250 | 14.84 8,500 | 113.8 35,000 | 1406
2500 | 16.88 9,000 | 126.5 40,000 {1716
2750 | 19.04 9,500 | 140.0 45,000 |[2038
3000 | 21.34 10,000 | 154.2 50,000 | 2359
3250 | 23.78 11,000 | 184.,8 55,000 | 2688
3500 | 26.37 12,000 | 217.9 60,000 | 3021
3750 | 29.11 13,000 | 253.6 70,000 | 3694
4000 | 32.00 14,000 | 291.7 80,000 | 4375
4250 | 35.06 15,000 | 331.9 90,000 [5061
4500 | 38.27 16,000 | 374.1 100,000 | 5751
17,000 | 418.1

39
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